Aharonov-Bohm (AB) interferences in the quantum Hall regime can be achieved, provided that electrons are able to transmit between two edge channels in nanostructures. Pioneering approaches include quantum point contacts in 2DEG systems, bipolar graphene p-n junctions, and magnetic field heterostructures. In this work, defect scattering is proposed as an alternative mechanism to achieve AB interferences in polycrystalline graphene. Indeed, due to such scattering, the extended defects across the sample can act as tunneling paths connecting quantum Hall edge channels. Consequently, strong AB oscillations in the conductance are predicted in polycrystalline graphene systems with two parallel grain boundaries. In addition, this general approach is demonstrated to be applicable to nano-systems containing two graphene barriers with functional impurities and perspectively, can also be extended to similar systems of 2D materials beyond graphene.
I. INTRODUCTION
Graphene and other two-dimensional (2D) layered materials have recently become very attractive in several research fields [1] because of novel physical properties, as a consequence of their atomically-thin 2D crystalline structure. The study of their defects (always present in real systems) is hence highly desirable [2] [3] [4] [5] [6] [7] [8] in order to estimate their impacts on various properties, but also to possibly explore novel ways to tune the electronic structure of these 2D materials at the nanoscale. While the former is mandatory to fully understand the properties of practical 2D materials, the latter is helpful for enlarging their applications and concurrently exploring new ones.
In particular, to achieve large scale graphene samples with high structural quality, the chemical vapor deposition (CVD) method is known to be the best technique, although yielding graphene in a polycrystalline form [1, 5, 8] . This polycrystalline graphene contains pristine grains separated by extended structural defects consisting of a random 1D distribution of non-hexagonal (i.e., pentagon, heptagon, octagon, etc.) rings, vacancies and impurities. In general, these defects represent an important scattering source that limits drastically the carrier mobility in CVD graphene samples [9] and consequently impedes the performance of graphene-based electronic devices [6, 8] . The electronic transport across graphene grain boundaries has been concurrently demonstrated to be strongly dependent of their structure, i.e., being either highly transparent or perfectly reflective over significant energy ranges [10, 11] and tunable by strains [12, 13] . However, graphene grain boundaries have also been suggested to be usable to explore novel phenomena such as valley filtering [14, 15] , creating one-dimensional (1D) topologically conducting states [16, 17] , for electron optics [15] , and for electronic waveguides [18] . In this regard, achieving ordered structures of defects is required and this practical challenge has also been experimentally realized [19, 20] .
The Aharonov-Bohm (AB) effect is a fundamental phenomenon of quantum interference related to the transmission of electrons in closed trajectories in 2D systems when a magnetic field (B -field) is applied perpendicularly [21] . Besides its fundamental significance, this effect is extremely useful for specific applications in mesoscopic interferometers such as electron Sagnac gyroscopes [22] and quantum computing systems [23] . The AB interferences in conventional 2DEG have been actually observed in two types of nanoscale systems: in quantumring structures [24, 25] and in systems containing two nano-constrictions in the quantum Hall regime [26] [27] [28] . In the latter case, quantum Hall edge states are obtained when a strong magnetic field is applied. The interaction between these edge states at the constrictions creates closed trajectories for electrons in the internal cavity, i.e., they can circulate along the cavity edge [26] . Such an electron propagation results in an interference effect, i.e., AB oscillations in the conductance. An advantage of this approach is to benefit from the large coherence length of quantum Hall edge states [29] , which is mandatory for electron interferometers.
With its quasi-perfect 2D crystalline structure, graphene is certainly an ideal candidate to design AB interferometers. Actually, besides quantum-ring structures reported in several works (see ref. [30] and references therein), graphene AB interferometers in the quantum Hall regime have been also explored, particularly, using graphene p-n junctions [31, 32] and B -field heterostructures [33] . Although completely different from the interferometers based on nano-constrictions mentioned above, the AB interferences in both these cases are essentially due to the interaction between opposite propagating edge states obtained in different doped / opposite B -field zones. Essentially, the interedge interaction induces the tunneling paths connecting quantum Hall edge channels. Thereby, an internal zone, where electrons can circulate along the edge, can also be created in analogy with that obtained in the nano-constriction 2DEG systems.
Within such a scientific context, the magnetotransport in polycrystalline graphene is investigated in this work, suggesting an alternative approach to achieve AB interferences in 2D layered material systems in the quantum Hall regime.
The main idea was suggested by the fact that in addition to the generated scattering effects, grain boundaries can also be used to create 1D conducting channels across graphene samples. Actually, the creation of these 1D conducting channels has been experimentally demonstrated [16, 17, 34] and explained as a consequence of the "self-doping" effect by localized electronic states around these extended defects. In the presence of extended defects, gate tunable and topologically protected states can also be observed in bilayer graphene domain wall systems [35, 36] . Most importantly, magneto-transport in polycrystalline graphene has been investigated [37] [38] [39] [40] and these conducting channels are shown to be able to connect quantum Hall edge states, similar to those obtained in graphene p-n junctions and B -field heterostructures as mentioned above.
On this basis, the goal of this work is to demonstrate that the defect scatterings (consequently, localized electronic states around the grain boundaries) can be exploited as a novel mechanism to achieve AB interferences in the quantum Hall regime, particularly, in polycrystalline graphene systems with two grain boundaries as schematized in Fig.1 . Experimentally, two possibilities to produce such polycrystalline systems have been already demonstrated. On the one hand, synthesized on polycrystalline Cu foils by ambient CVD [41] or using the atmospheric pressure CVD technique [42] , polycrystalline graphene systems containing two or a few grains, coupled in series, can be achieved and controlled. On the other hand, some experimental technique for selfcatalyzing grown of extended defect lines in graphene have also been developed [19, 43] . These techniques clearly demonstrate the possibility of atomically precise engineering of defect lines in graphene. Besides the observation of AB interferences in these structural defective systems, we will additionally demonstrate that the approach presented in this work can also be extended to graphene systems containing two parallel graphenic barriers with functional impurities, particularly, including oxygen impurities, which can be experimentally achieved as in refs. [44] [45] [46] [47] [48] [49] [50] .
II. CALCULATION METHODOLOGIES
In this work, we investigate the magneto-transport through polycrystalline graphene containing three connected-neighboring grains, which can be, as mentioned, experimentally achieved as in refs. [41, 42] . To mimic their practical properties, irregular edges as illustrated in Fig.1 are considered while graphene grains which generally exhibit different crystallographic orientations and structural disorders along/around the grain boundaries are also taken into account. The presence of non-hexagonal carbon rings can, in principle, induce local deformations (local strains) in graphene lattices in the surrounding zone of grain boundaries. Hence, classical molecular dynamics simulations as in refs. [11, 13] were first performed to relax the atomic structure. The p z tight-binding Hamiltonian was then employed to compute their electronic properties. In particular, when a magnetic field is perpendicularly applied, this tightbinding Hamiltonian reads:
where t nm corresponds the nearest-neighbor hopping energies, and φ nm = e rm rn A(r)dr is the Peierls phase describing the magnetic field effects.
Taking into account the lattice deformation mentioned above, these hoping energies are computed by t nm = t 0 exp (−3.37 {r nm /r 0 − 1}) [51] where t 0 = −2.7 eV and r 0 = 0.142 nm represent the hoping energy and C-C bond length of pristine graphene, respectively. In addition, to model the disordered grain boundaries, vacancies are randomly generated around and along the ordered ones.
To model polycrystalline graphene systems with oxygen impurities, the Hamiltonian above is adjusted by a fit to Density Functional Theory (DFT) calculations [52] . In particular, the impurity effects are effectively computed by introducing an onsite energy ε on = 28 eV to carbon sites, which directly interact with the impurities. This adjusted Hamiltonian is demonstrated to reproduce quite accurately the DFT electronic bandstructure of the system in a low energy range (i.e., |E| 500 meV [52] ) and with reasonable oxygen impurity densities.
Finally, the tight binding Hamiltonians described above were solved and the transport quantities (transmission probability, conductance, local density of states) were computed using the Green's function technique and the Landauer formalism [53] .
III. RESULTS AND DISCUSSIONS
Firstly, it is necessary to distinguish the electron propagation around a grain boundary under strong B-fields and that obtained in graphene p-n [54] and B -field heterostructures [55] . Due to the presence of opposite charge carriers in graphene p-n junctions or opposite B-fields in B -field heterostructures, opposite cyclotron orbits are observed in the two sides of these systems, thus forming snake trajectories for electrons when they propagate along the system interface as illustrated in Fig.1 .b. These snake trajectories consequently result in magnetoresistance oscillations [54] , provided that ballistic transport is present. On the contrary, around a grain boundary, a dramatically different picture is obtained (see Fig.1 .c and the further demonstration in Sec. 1 of the Supplementary Information [52] ). In particular, because of scatterings at the grain boundary, electrons (following cyclotron orbits) are partly reflected and partly transmitted across the extended line of defects. While reflected electrons on the left side continuously propagate along the boundary to the bottom edge, transmitted electrons follow the similar cyclotron orbits on the right side and hence propagate in the opposite direction to the top edge (opposite skipping orbits -see Fig.1.c) . Thus, two opposite propagation directions of electrons are predicted along the two sides of the grain boundary. This phenomenon differs completely from the picture in graphene p-n and B-field heterostructures, where electrons propagate in the same direction on both sides of the interface.
Despite such difference, electrons similarly follow the cyclotron orbits along the system interface and hence one can anticipate some similar features in the magneto-conductance in both cases. Indeed, the skipping trajectories illustrated in Fig.1 .c can result in magneto-conductance oscillations in single grain boundary graphene systems (see the complete demonstration in the Supplementary Information [52] ), similar to those induced by the snake trajectories in graphene p-n and B -field heterostructures. However, note that this fascinating oscillation also requires electrons to transmit ballistically along the grain boundaries [56] , i.e., it could be significantly disturbed by the scatterings along the disordered grain boundaries. Most importantly, the picture discussed above demonstrates that defect scatterings can be exploited to create the tunneling paths between quantum Hall edge states and hence AB interferometers can be obtained using graphene systems with two grain boundaries as proposed in Fig.1 . Fig.2 presents the prediction of magneto-transport through a general system of polycrystalline graphene [41, 42] , which indeed displays strong AB oscillations in the conductance (see Fig.2 .a) at high magnetic fields. The atomistic model presents a similar geometry as in Fig.1 .a, additionally, graphene grains exhibit different crystallographic orientations and disordered grain boundaries are considered (see its atomic structure described in detail in the Supplementary Information [52] ). The observed AB oscillations can be essentially explained as follows. First, under a strong magnetic field, electrons in the internal graphene grain have to propagate following quantum Hall edge states. Second, because of defect scatterings at the grain boundaries, these electrons can circulate inside such graphene grain (i.e., along its edge). Therefore, depending on the accumulated phase of electron wave in such circulating trajectories, constructive/destructive states are created and tuned when varying the B-field, thus modulating the electronic conduction of the system as illustrated in Fig.2 .a. To further visualize such picture, the local density of left-injected electronic states reflecting the left-to-right propagation of electrons is computed and displayed in Figs.2. b-c. The circulating trajectories mentioned above for electrons in the internal grain are indeed visibly observed. Simultaneously, strong backscatterings occur in the destructive state (see Fig.2.b) , explaining the obtained low conductance, whereas the electron wave highly transmits through the system in the constructive one (see Fig.2.c) . Fig.2 also demonstrates that strong AB interferences can be obtained in polycrystalline graphene even if there is a misorientation between grains and they present irregular edges. Together with the investigation on edge disorders and disorders at grain boundaries that will be presented below, this result demonstrates that the AB effect is quite robust under all these structural issues.
In order to discuss in detail the main properties of this AB interference, our investigation is now switched to conventional graphene ribbons containing two parallel defect lines [16, 19] (see the atomic structure in Fig.4.a) , i.e., the misorientation between grains and the irregularity of system edges are neglected. The dependence of AB oscillations on the area of the internal graphene grain (particularly, the distance L D between defect lines) is displayed in Figs.3.a-b while Fig.3 .c presents the corresponding conductance as a function of both magnetic field and Fermi energy. First, the period of these AB oscillations is shown to satisfy very well the standard formula ∆B = h/eS where S is determined as the surface area enclosed by circulating channels inside the internal graphene grain. Note here that since these channels are obtained inside but not exactly at the edge of the internal grain as illustrated in Figs.2 .b-c, the area S is generally smaller than the area of such grain. In particular, the above formula accurately estimates the period of conductance oscillations in Figs.3.a-b Fig.3 .c represent two distinguished energy regimes where strong AB oscillations are observed for low energies while they are blurred in the high energy regime. Actually, the superimposed dashed line separating these two regimes indicates the first Landau level formed in graphene grains (i.e., for
Aharonov-Bohm oscillations (b-e) in graphene nanoribbons containing different disordered defect lines (see (a)). The ribbon width W 50 nm, distance between two defect lines LD 44 nm and Fermi energy EF = 80 meV are considered. In all presented configurations (from GB1 to GB4), 4% vacancies are randomly generated along/around the ordered defect line as illustrated in (a).
the large graphene nanoribbons considered here): 57] with the Fermi velocity v F = 3t 0 r 0 /2 . Similar to analogous features reported in other systems [32, 33, 58, 59] , they can be essentially explained by an inherent property of AB interference: strong conductance oscillations are achieved in the regime of single energy band, otherwise the effect can be disturbed by the multibands contribution. However, in contrast to the similar picture that has recently been reported in ref. [33] for Bfield heterostructures, the intensity of the conductance peaks in the low energy regime still varies, depending on the carrier energy. This could be basically understood as a consequence of the nature of defect scatterings in the considered systems. At last, both results in Figs.3 .ab and 3.c suggest that strong AB oscillations could, in principle, be measured experimentally at reasonably low magnetic fields (e.g., a few teslas) using large graphene grains and/or low carrier densities.
Next, using these polycrystalline graphene systems naturally gives rise to a question related to the intrinsic effect of structural disorders. Two important disorder sources are considered: edge disorders and disorders at grain boundaries, which have been shown to be practically unavoidable. Similarly to recent results reported in ref. [33] and as investigated in Fig.2 for a system with irregular edges, strong conductance oscillations can still be achieved when taking into account the edge disorders, due to the robustness of quantum Hall edge states under the scatterings of such disorders (not further presented). Regarding the disorders at grain boundaries, many complex carbon rings, which are mostly formed by adding vacancies to ordered defect lines (containing hexagonal, pentagon, heptagon, and octagon membered-rings), can randomly occur. To estimate the effects of this disorder type, disordered defect lines were constructed by randomly introducing an amount of vacancies to / around the ordered one as illustrated in Fig.4 .a. Magnetotransport obtained in four differently disordered systems (see more cases in the Supplementary Information [52] ) is presented in Figs.4. b-e. Indeed, these disorders induce modifications on the conductance oscillation, i.e., conductance peaks and valleys are changed depending on the disorder configuration (GB 1 -GB 4 ), compared to those obtained in the ordered one (see Fig.3.a) . Interestingly and similarly to the edge disorder cases, strong AB oscillations can still be achieved with reasonable vacancy densities (i.e., in the range ≤ 6% as presented in the Supplementary Information [52] and up to about 10 % (not shown)). This robustness of AB oscillations can simply be understood as a result of the robustness of quantum Hall edge states, as already discussed for the edge disorders. Thus, it is worth emphasizing that this is certainly an advantage of AB interference in the quantum Hall regime as the disorders at grain boundaries are practically difficult to avoid and can easily destroy other fascinating phenomena such as valley dependent transport and electron optics [14, 15] in polycrystalline graphene.
At last, beside the structural defective systems, the present approach can be similarly applied in graphene structures with narrow barriers containing chemical impurities. Indeed, similarly to structural defects, chemical impurities with a reasonable concentration can also induce scatterings on the charge transport (see Fig.S6 in the Supplementary Information [52] ). Experimentally, several techniques (e.g., atomic force microscope lithography, solution-phase oxidation, photoexcited charge transfer, ...) to create graphene oxide barriers in graphene have been demonstrated [44] [45] [46] [47] [48] [49] [50] . Remarkably, these barriers whose widths are down to sub-20 nm and tunable oxidation level (i.e., oxygen impurity density) have been successfully achieved. The impurity density can be further tuned using thermal, chemical and/or electrochemical reduction methods [60] [61] [62] [63] [64] , for instance, as performed in ref. [47] . In Fig.5 , magnetotransport through graphene ribbons containing two narrow (10 nm width) oxygen impurity barriers is presented with different impurity densities n I (O/C ratios). Once more, strong AB oscillations are predicted with reasonable impurity densities (from 3% to 7% as seen) and are essentially due to the same mechanism as in the case of structural defects presented above. Note however that these oscillations are difficult to observe / can be destroyed by a large impurity density (n I exceeds about 10%) and/or a large barrier width (see in the Supplementary Information [52] , especially for the case of n I = 7%). This can be basically explained, similarly as in ref. [65] , by the fact that when increasing the impurity density, a metallic-semiconducting transition appears and hence graphene barriers with oxygen impurities become widegap semiconductors, thus suppressing the charge transport as calculated in Fig.5 for n I = 15%. Similar effects are observed when increasing the barrier width because impurity scatterings consequently increase and can suppress the transport quantities when they are strong enough. A rough estimation for oxygen impurity barriers with impurity density in the range from 2% to 8% and, accordingly, barrier width of about 5 nm to 25 nm and could be used to experimentally achieve significant AB oscillations.
Finally, it is very worth noting that since it is demonstrated without taking into account the bipolar characteristics of graphene, the present approach can, in principle, be also applied to similar systems of 2D materials beyond graphene and their lateral heterostructures [7, 66] , thus representing a large range of possibilities to design these AB interferometers.
IV. CONCLUSION
In summary, magnetotransport through polycrystalline graphene systems was investigated using atomistic tight-binding calculations. These quantum simulations demonstrated that defect scatterings can be exploited to create the transmission between quantum Hall edge states. Consequently, strong Aharonov-Bohm oscillations can be achieved in realistic systems containing two parallel grain boundaries when strong magnetic fields are applied. The properties and dependence of these Aharonov-Bohm oscillations on parameters such as charge carrier energies, graphene grain sizes and structural disorders were clarified. In addition, similar Aharonov-Bohm interferences were also predicted in graphene nanoribbons presenting two separated barriers which contain randomly distributed chemical impurities. Finally, since this phenomenon is achieved in the unipolar regime, the present approach can be perspectively applied to other 2D layered materials beyond graphene.
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Magneto-transport in graphene systems with a single defect line
Here, in order to demonstrate the skipping trajectories around the grain boundaries presented in Fig.1 .c of the main text, we investigate magneto-transport in a simple case, i.e., across a single defect line (see the image on the top of Fig. 4 of the main text) in graphene systems. Here, we consider the perfectly ordered defect lines, which are experimentally achieved as in refs. [1, 2] . As discussed in the main text and presented in refs. [3] [4] [5] , the electron propagation around the extended defects exhibits an essential difference (i.e., with opposite propagation directions in its two sides), compared to that obtained in graphene p-n junctions and B-field heterostructures (i.e., with a unique propagation direction). However, in both cases, electrons have to similarly follow cyclotron orbits when transmitting along the grain boundary / junction interface and hence one can anticipate that similar magneto-resistance oscillation, as those induced by snake trajectories in graphene p-n junctions and B-field heterostructures [6, 7] , can also be achieved in graphene systems with a single extended defect line. Indeed, such prediction is clearly confirmed by the results obtained and presented in Fig.S1 .a. Similar to the effect of snake trajectories [7] , simplified pictures of electron propagation to explain the conductance valley and peak in Fig. S1 .a are diagrammatically presented in Fig.S1 .b-c, respectively. Basically, the conductance should be determined by how the cyclotron radius compares to the length of defect line, therefore, is an oscillating function of both magnetic field and defect line length, as indeed seen in both Fig.S1 .a and its inset. Another clear evidence of the diagrammatical pictures in Figs. S1.b-c can be found in Fig.S2 where the local density of left-injected states reflecting the left-to-right propagation of electron wave computed at the conductance valley and peak, respectively, is displayed. Even though there is still a quantitative discrepancy between Fig.S1 .c and the map in Fig. S2 .b (i.e., backscatterings still occur), the qualitative consistency between the simplified diagrams in Figs. S1.b-c and the computed results in Fig.S2 explains essentially the magneto-conductance oscillations in Fig. S1 .a, i.e., as mentioned above, the conductance should be essentially determined by the relationship between the cyclotron radius and the defect line length.
Thus, the investigation in this section clearly demonstrates the pictures of skipping trajectories presented and discussed in the main text. Fig. 2 of the main text Fig.S3 presents a zoom of the atomic structure of the system investigated in Fig.2 of the main text. Even though the grains 1 and 3 are formed by the same graphene lattice (for simplicity), it represents three main structural properties, which can be practically obtained as in refs. [8, 9] , including irregular edges as illustrated in Fig.1 .a of the main text, misorietation between the graphene grains (particularly, a misorientation angle of 30° between grain 2 and grains 1 and 3) and structural disorders at the grain boundaries. Note that this grain boundary system corresponds to the (5,0)|(3,3) structure in ref. [10] that has been experimentally achieved in ref. [11] . In many works (e.g., refs. [10, 12, 13] ) on this structure in the 2D form (i.e., infinite along the grain boundary axis), the grain boundary is assumed to be ordered with a short periodic length d  1.25 nm, leading to a lattice mismatch of about 3.8% between these graphene grains. This lattice mismatch has been always solved by applying strains on either one of or both of them. In this work, we however considered a system where the grain boundary is large but finite (~ 55 nm) and contains structural disorders (see Fig.S3 ). The mentioned lattice mismatch is hence avoided. Note additionally that while the finite size of the internal grain (grain 2) (with a maximum width ~ 60 nm and a maximum length ~ 62 nm as investigated in the main text) is taken into account, the grains 1 and 3 are assumed to be large enough (particularly, long enough along the transport direction) so that they can act as semi-infinite left and right leads, respectively. 
Graphene grains and grain boundaries investigated in

Effect of disorders at the grain boundary
In Fig.S4 , the conductance as a function of magnetic field obtained in fifteen graphene systems containing different disordered defect lines is displayed. These disordered defect lines are modeled by introducing randomly vacancies around the ordered one as illustrated in Fig.4 .a of the main text.
The obtained results show that even though the conductance is sensitive to the disorder effects, strong Aharonov-Bohm oscillations can still be observed in all these considered cases, thus demonstrating that this interference is quite robust under the effect of these disorders. 
Magneto-transport in graphene systems with oxygen impurity barriers
In this section, we would like to explain in more detail our calculations for graphene systems with oxygen impurity barriers. Fig.S7 , respectively, of a graphene system with two oxygen impurity barriers.
Fig. S5: Tight binding vs DFT calculations for graphene with oxygen impurities: top view of the periodic unit cell used in calculations (left) and obtained electronic bandstructures (right).
Fig. S6: Local density of left-injected electronic states obtained at the conductance valley (a) and peak (b) at the V-and P-points in the top-left panel of
First, to compute the electronic properties of graphene with oxygen impurities, we performed Density Functional Theory (DFT) calculations [14] . The simple pz tight-binding Hamiltonian is then adjusted to fit with the obtained DFT data. Some adjusted tight-binding models have been actually investigated [15, 16] to model the effects of oxygen impurities in graphene. However, focusing only on the transport of low energy carriers, we further considered these models and propose a simpler one based on the nearest neighbor Hamiltonian that has been widely used in the literature (also in this work) to model pristine graphene. As explained in the main text, the effects of impurities are effectively modeled by adding an on-site energy eon = 28 eV to carbon sites directly interacting with the impurity. The validity of this model is demonstrated in Fig.S5 as it reproduces quite accurately the low energy (|E| 0.5 eV) ≲ DFT bandstructure of the considered graphene system. This simply adjusted model was then employed to compute the magneto-transport through graphene systems with two oxygen impurity barriers in this work. Fig.S6 .a, corresponding to a conductance valley) and constructive (see Fig.S6 .b, corresponding to a conductance peak) states, indeed showing the similarity, as discussed in the main text, between the effects of functional impurities and structural defects when using to design AharonovBohm interferometers.
